Abstract An understanding of ion-protein interactions is key to a better understanding of the molecular mechanisms of proteins, such as enzymes, ion channels, and ion pumps. A potassium ion channel, KcsA, has been extensively studied in terms of ion selectivity. Alkali metal cations in the selectivity filter were visualized by X-ray crystallography. Infrared spectroscopy has an intrinsically higher structural sensitivity due to frequency changes in molecular vibrations interacting with different ions. In this review article, I attempt to summarize ion-exchange-induced differences in Fourier transform infrared spectroscopy, as applied to KcsA, to explain how this method can be utilized to study ion-protein interactions in the KcsA selectivity filter. A band at 1680 cm in both Na + and Li + conditions suggests that the selectivity filter similarly interacts with these ions. In addition to the structural information, the results show that the titration of K + ions provides quantitative information on the ion affinity of the selectivity filter.
Introduction
A biological membrane is basically composed of a lipid bilayer which acts as an insulator for various kinds of electrically charged materials, such as Na + , K + , and Cl − ions. Membrane proteins embedded in the lipid bilayer are important for the permeation or transportation of these ions. Channel proteins form a pore that is permeable to specific ion types, with a gate that controls the current. Ion pumps and transporters possess ion binding sites, and their affinities are smoothly controlled by coupling with the conformational changes that are induced by some input of energy.
Ion selectivity is a key factor that characterizes ion channels and pumps. For example, K + channels are selectively permeable to K + over Na + ions, typically at a ratio of 1000:1 (Heginbotham and MacKinnon 1993; LeMasurier et al. 2001) . Typical K + channels form tetrameric structures that surround the central pore (Fig. 1a) . The high selectivity to K + is realized by the distinctive backbone structure formed in the pore, where the TVGYG sequence is highly conserved in K + channels; this structure is known as the Bselectivity filter^. The C = O groups of the main chains at the selectivity filter point inwards and are optimally arranged to accommodate K + ions (Fig. 1b, c) (Doyle et al. 1998; Zhou et al. 2001) . Therefore, the dehydration of K + upon entering the filter is almost an energetically barrierless process. In contrast, Na + is not stably coordinated by the C = O groups in the filter without conformational changes. The collapse of the filter structure has been captured as an X-ray crystal structure image (Fig. 1d) (Lockless et al. 2007 ). The collapse was also induced by a low concentration of K + ions, which means that K + alone can stabilize the filter structure. In principle, it is accepted that the selective filter structure is important for explaining high K + selectivity. Perfusion-induced difference attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was first applied to study the structural changes of an acetylcholine receptor upon ligand binding (Baenziger et al. 1992) . The method has been well reviewed by several groups (LorenzFonfria et al. 2012; Nyquist et al. 2001; Rich and Iwaki 2007) . Here it can be confirmed that the method is also applicable to a K + ion channel and is a potential tool for studying ion selectivity among alkali metal cations.
Ion-exchange-induced difference ATR-FTIR spectrum measured upon replacement of Na + with K + In this section I briefly explain how to measure ion-exchangeinduced difference ATR-FTIR spectra; for more details on the precise experimental method, the reader is referred to the original papers (Furutani et al. 2012 (Furutani et al. , 2015 . KcsA protein reconstituted into liposomes [asolectin at a protein:lipid molar ratio of 1:50 or POPE/POPG (w/w = 3:1) at 1:100 was used] was deposited onto a diamond internal reflection element [nine reflections; the sample area is~13 mm 2 (ϕ =4 mm)] for the ATR measurement. The sample was then immersed in an appropriate buffer for rehydration and washing. Two buffer solutions, both containing the same concentration of KCl or NaCl (200 mM) and buffered at pH 7, were prepared to measure the ion-exchange-induced difference spectrum. An absorption spectrum in NaCl buffer was collected and the solution then exchanged with a KCl buffer. After completion of the buffer exchange, another absorption spectrum in KCl was collected. These processes were repeated to accumulate the absorption spectra in two buffer solutions. The sampling temperature was kept constant at 20°C during the measurements. Finally, the K + − Na + spectrum difference between adjacent buffer conditions was calculated and averaged. The spectrum difference in the amide I region is shown in Fig. 2 . The red line is the K + − Na + spectrum difference at 200 mM. Three positive peaks at 1680, 1669, and 1659 cm −1 and three negative peaks at 1650, 1639, and 1627 cm −1 were clearly observed in the difference spectrum; these were assigned to carbonyl groups located close to the selectivity filter by a mutation analysis (Furutani et al. 2012 ) and a computational study (Stevenson et al. 2015) . Among these, 1680 cm −1 was assigned to the S2 and S3 modes of the selectivity filter (Stevenson et al. 2015) . The bands at 1659 and 1650 cm −1
were assigned to the pore helix mode (Stevenson et al. 2015) , and the band at 1627 cm −1 was assigned to the B-site mode (Stevenson et al. 2015) . Infrared spectroscopy is usually used to study molecular structure. Ion-exchange-induced difference ATR-FTIR spectroscopy provides not only structural information but also affinity information by changing the concentration of the substrates of interest. As the concentration of K + ions was systematically changed, spectra differences with different intensities were collected (Fig. 2) . The spectral shapes were basically similar to each other, except in the band shift from 1680 to 1688 cm −1 at lower K + concentrations (Fig. 2b) . The band shift may be explained by a different distribution of K + ions in the selectivity filter between high and low K + concentrations (Fig. 1b, c) . When the peak intensities at a specific band were Fig. 1 X-ray , the apparent dissociation constant (K D ) value of 9.0 ± 0.7 mM was obtained with a Hill coefficient of 1.8 ± 0.2, whereas values for the 1680 cm −1 band were 18 ± 1.4 mM with a Hill coefficient of 1.4 ± 0.1 (Furutani et al. 2012) . It should be noted that the values were estimated based on an assumption that K D values for Na + ions were much higher than those for K + ions. A more complicated binding model is needed to obtain more accurate values.
Structural difference of the selectivity filter interacting with alkali metal cations studied by ion-exchange-induced difference ATR-FTIR spectroscopy
KcsA is known to be selectively more permeable to K + ions than to Na + . Ion selectivity for other alkali metal cations has also been reported (K + > Rb + > > Cs + > Na + , Li + ), although the permeability of Cs + remains controversial due to its quite small conduction that hampers single channel recording (LeMasurier et al. 2001 ). X-ray crystal structures of KcsA interacting with Li + , Rb + , and Cs + have been reported (Fig. 3) (Thompson et al. 2009; Zhou and MacKinnon 2003) . Because the electron density of Li + is too small to detect by X-ray crystallography (see the ionic radii of alkali metal cations in Fig. 1e ), the position of Li + was proposed based on a molecular dynamics (MD) simulation analysis, which is the so-called BB site^ (Thompson et al. 2009 ). On the other hand, the electron densities of three cations were resolved by X-ray crystallography for Rb + and Cs + (Zhou and MacKinnon 2003) . The ion occupancies of Rb + and Cs + were found to be similar to each other. In addition, the structures of the selectivity filters interacting with Rb + or Cs + were almost indistinguishable from each other.
Two sets of ion-exchange-induced difference ATR-FTIR spectra have been recorded (Fig. 4) (Furutani et al. 2015 (Fig. 4b) . The spectral differences were normalized to originate from the same amount of KcsA protein according to the intensities of the amide I band in the absolute absorption spectra. Therefore, the amplitude of the difference is larger if the structural difference in the peptide backbone of KcsA becomes larger when the cations are replaced. As can be clearly seen in the difference spectra (Fig. 4) , the KcsA structures interacting with K + and Rb + and those interacting with Na + and Li + were very similar to each other. The K + − Cs + difference spectrum was relatively similar to the K + − Rb + difference spectrum, except for the larger change at 1661 and 1652 cm −1 in the former (Fig. 4a) . This may suggest that the replacement of Cs + with K + induces a larger conformational change in the pore helix than does the replacement of Rb + with K + . A major common difference seen in Rb + and Cs + was an upshift of the 1680 cm −1 band in K + to 1692 cm
in Rb + and 1690 cm −1 in Cs + . The similar upshift was also observed in the K + − Na + difference spectrum at the lower K + concentration (Fig. 2b) . A previous study assigned the bands around 1680 cm −1 to the S2 and S3 modes (Stevenson et al. 2015) . Therefore, the band shift may be attributable to a and Cs + at the S2 site were less than the ion density of K + at a 200 mM concentration (Zhou and MacKinnon 2003) . Moreover, a reduction in K + concentration reduced ion occupancy at the S2 and S3 sites in addition to inducing a conformational change of the filter into a collapsed shape. Because filter collapse was not seen in the X-ray structures of KcsA with Rb + and Cs + , the spectral shift of the 1680 cm −1 band would be attributable to the change in ion occupancy at the S2 and S3 sites, not to the conformational change of the filter.
The K + − Li + spectrum difference was very similar to the K + − Na + spectrum difference which showed a negative peak at 1627 cm −1 (Fig. 4a) Perspective Ion-exchange-induced difference ATR-FTIR spectroscopy is a useful method for studying ion-protein interactions with a low sample consumption (typically requiring~1 μg of protein). Various kinds of ion channels and pumps are potential targets for this method. Recently, a rapid-buffer exchange method utilizing syringe pumps driven by pressured gas has been developed which enables the rapid exchange of buffer solutions on ATR crystal (typically within 10-30 ms) (Furutani et al. 2013; Shirai et al. 2014 ). This technique may be utilized to detect transient conformational changes involving ion-binding processes in proteins.
